Abstract
Based on a low temperature scanning tunneling microscopy study, we present a direct visualization of a cycloaddition reaction performed for some specific fluorinated maleimide molecules deposited on graphene. These studies showed that the cycloaddition reactions can be carried out on the basal plane of graphene, even when there are no pre-existing defects. In the course of covalently grafting the molecules to graphene, the sp 2 conjugation of carbon atoms was broken and local sp 3 bonds were created. The grafted molecules perturbed the graphene lattice, generating a standing-wave pattern with an anisotropy which was attributed to a (1,2) cycloaddition, as revealed by T-matrix approximation calculations. DFT calculations showed that while both (1, 4) and (1,2) cycloaddition were possible on free standing graphene, only the (1,2) cycloaddition could be obtained for graphene on SiC(0001). Globally averaging spectroscopic techniques, XPS and ARPES, were used to determine the modification in the elemental composition of the samples induced by the reaction, indicating an opening of an electronic gap in graphene. Because of its fascinating properties, graphene is presently considered for a large number of potential applications. However, functionalizing this gapless highly non-reactive semiconductor with the appropriate molecules remains an important challenge. Combined with supramolecular chemistry, chemical functionalization, i.e., creating covalent bonds by converting sp 2 into sp 3 orbitals, represents a promising path, because it allows to selectively modify the surface of graphene with a high spatial control. Such a surface modification (hybridization) can be realized by Diels-Alder or other cycloaddition reactions.
Graphene undergoes cycloaddition or Diels Alder (D-A) reactions mainly because of the degeneracy of the electronic states at the Dirac point. The states close to the Fermi level may give rise to either an anti-symmetric or symmetric graphene orbital. These orbitals allow graphene to function as both donor and acceptor within the Frontier Molecular Orbital (FMO) theory [1] [2] [3] [4] . For exfoliated graphene, a D-A reaction and its reversibility have been demonstrated for the first time by the team of Robert C. Haddon [1] . The progress of the D-A reaction was followed by Raman spectroscopy and the ratio between the G and D bands which ascertained that graphene was modified. However, such global measurements did not allow to identify the locations where graphene was actually functionalized. This seminal work by Haddon et al. raises the question if pre-existing defect (step-edges, holes,...) are required to allow for the D-A reaction. Subsequently, two theoretical studies [5, 6] concluded that only the edges of graphene layers, or holes therein, may be functionalized by a cycloaddition reaction. However, no such reaction was predicted to be possible within the bulk of a clean graphene layer. Indeed, calculation results for a D-A reaction in the bulk predict a highly endothermic value of up to 2.6 eV. Recently, by combining scanning tunneling microscopy (STM) and density functional theory (DFT) calculations, a cycloaddition reaction has been evidenced for a graphene layer on iridium, involving a non-expected 1,3 cycloaddition of graphene in the low electron density regions of the Moiré pattern [7] . There, the allyl reactivity of epitaxial graphene was due to the presence of the substrate Ir. The endothermic character of the cycloaddition reaction was preserved, but was characterized by a more modest value of + 0.4 eV, accessible by choosing an appropriately high temperature.
This observation demonstrates that a D-A reaction is possible when using a graphene layer 'activated' by an underlying metal substrate.
Here, we combine STM, angle resolve photoemission spectroscopy (ARPES) and X-ray photoelectron spectroscopy (XPS) to study the Diels-Alder reaction on a monolayer (ML) 3 and a bilayer (BL) epitaxial graphene on SiC(0001), using recently synthesized fluorinated maleimide molecules (see Figure1) . The maleimide group of these molecules represents the reactive part, and the fluorine atoms were introduced to polarize the double bonds of the maleimide group and thereby strongly increased the dienophilic character of the molecule and thus its reactivity [8] . To deposit these molecules onto graphene, the substrates were simply immersed for several tens of hours in a toluene solution containing the molecules. After retraction from the solution, the samples were intensively rinsed. Our results provide strong evidence of the formation of chemical bonds between these molecules and the graphene layer through the cycloaddition reaction . The formation of the chemical bonds was ascertained by the increase of the sp 3 component of the C1s peak, and a decrease of the Fermi velocity.
In addition, a tendency for the opening of a gap was evidenced by ARPES.
Moreover, the STM images provide also a strong evidence for the formation of covalent bonds by a cyclo-addition reaction in the middle of clean graphene terraces. Indeed, chemically grafting these molecules to the graphene layer generates standing waves pattern which indicates that graphene is locally highly perturbed. The grafted molecules are associated to bright features on the STM images that are dispersed throughout the bulk of graphene terraces where no defect is expected in pristine graphene, at least not with such a high density. The smallest of these features are surrounded by standing waves which take the form of parallel straight lines, similar in anisotropy to those observed close to armchair graphene step edges. We present an experimental comparison of these standing-wave patterns with patterns generated by other possible defects, as well as with patterns generated by armchair and zigzag step edges. We also discuss how identifying the type of dominant quasiparticle scattering may reveal the nature of the cycloaddition reaction. Thus we use core level, and the band structure modifications were significantly more pronounced.
In this study, we used maleimide derivative molecules. As depicted in figure 1 , when interacting with these molecules in a D-A reaction, graphene can be considered as a diene reacting with a dienophile molecule. However, at this stage it was not possible to predict which type of cycloaddition reaction will occur. This is particularly difficult for graphene on SiC(0001) which is n-doped (thus the chemical reaction does not occur at the Dirac point).
Specifically, we used 3,5-bis(trifluoromethyl)phenyl substituted maleimide derivatives (for which we use the abbreviated name: fluorinated maleimide (FMAL)). Several maleimidetype molecules (M1 to M3) have been tested. The reactivity of the molecules has been studied for graphene on SiO 2 and graphene on SiC(0001) using Raman spectroscopy [9] . It was found that only M3-type molecules reacted with epitaxial graphene. We demonstrate here that we can chemically functionalize graphene, a fascinating possibility which opens up the road for future research in the functionalization of graphene, as well for more systematic studies in particular using higher spatial resolution investigations.
EXPERIMENTAL METHOD
The scheme in figure 2 illustrates the growth of graphene on SiC (0001) by thermal evaporation of Si atoms. A SiC(0001) substrate was annealed at temperatures above 1250 • C [10, 11] . This led to the exodiffusion of silicon atoms and the formation of a buffer layer which is a graphene monolayer partially covalently bonded to the silicon atoms of the SiC (0001) substrate exhibiting a SiC-6x6 superstructure. This buffer layer is semiconducting. The graphene monolayer (ML graphene) or graphene bilayer (BL graphene) showed the characteristic properties of graphene and interacted via van der Waals forces with the buffer layer. We controlled the number of graphene layers via the annealing time and annealing temperature. To obtain homogeneous surfaces, we assured a low pressure (less than 1.10 −10 mbar) during the annealing. The resulting graphene layers were characterized by XPS and ARPES measurements. We used an hemispherical electron analyzer (Scienta R3000), and a monochromatic X-ray source (AlK α ). For ARPES we used the UV source HeII (40.6eV). Our STM experiments were performed at 77 K at a base pressure in the 5 −11 mbar range in ultra high vacuum (UHV) with a LT-STM from Omicron. Following the procedure represented in fig .2 , the deposition of molecules was carried out on monolayer as well as bilayer graphene.
THEORETICAL METHOD
The DFT calculations were carried out using the Vienna ab initio simulation package (VASP) [12, 13] , with the generalized-gradient approximation of PBE type [14] as the XC functional. The electron-ion interaction was described by the projector augmented wave method [15, 16] . Plane waves were used as the basis set, and the energy and augmentation charge cutoffs were set to 300 eV and 645 eV. In order to get a detailed and realistic understanding of the graphene/SiC interfacial structure on the Si-face of our SiC substrates, and to derive its influence to the electronic structure of graphene, we adopted an adequately large area of commensurability, i.e., a 13 × 13 graphene domain on a 6 √ 3 × 6 √ 3 SiC substrate (referred as to 6R3) [17] [18] [19] . The SiC substrate was modeled by two SiC bilayers, the top face being Si and the bottom being C, saturated by hydrogen atoms, in total including 432 atoms. All structures were relaxed until the total forces were smaller than 0.05 eV/Å. On this substrate, different types of cycloaddition reactions with the fluorinated maleimide molecule have been calculated. The stabilized cycloadducts have been compared with respect to structure and energy with the ones formed on free-standing graphene.
RESULTS

Figure 3
A) shows a typical XPS spectrum of a pristine ML graphene. We can identify four components. The C1s component of SiC corresponds to the carbon atoms of the SiC substrate. The C − sp 2 component is attributed to the graphene top layer and the S1 − sp 3 and S2 − sp 2 components correspond to the buffer layer carbon atoms covalently bonded to silicon atoms and carbon atoms in the graphene-like structure of the buffer layer, respectively [20, 21] . showed unambiguously that the FMAL molecules were deposited in the intact form on the graphene surface. In Figure 3E ), we present a plot of the intensity of the S1 component, together with the intensity of F1s, for immersion times ranging from 20 to 80 hours. Both intensities exhibited the same evolution, assuring that the increase in sp 3 bonds could be attributed to an increase in number of grafted molecules. (Figure 3 D) , respectively. We observe that the band structure was preserved and could clearly be measured by ARPES, even after immersion and without any further treatment of the sample in UHV. A tendency for the opening of a small gap was marked by the decrease of the intensity around the Dirac point which is much more pronounced than for pristine graphene. This is clearly visible on the profiles taken as a function of energy at constant momentum at the K point (see figure 3 ).
In addition, the Fermi velocity, measured via the slope of the linear dispersion, decreased with immersion time. This indicates that the number of covalently bonded molecules increased. A similar behavior has been observed, for example, for induced defects caused by ion bombardment [22] . We notice that the opening of the gap was more pronounced for the case of bilayer graphene shown in Figure 3 D) . The dispersion of the lower energy band, which corresponds to the upper graphene layer, and that initially was linearly crossing the Dirac point became rather parabolic. This change revealed an increase of the effective mass, as expected, and is consistent with the opening of a gap.
In figure 4 , we present STM images of a typical sample. In A), a large image (400x400 nm 2 ) of a pristine and defect-free graphene layer, as loaded in the UHV system, is shown together with a sample after 80 hours of immersion leading to the deposition of molecules on the graphene surface. We observe dark regions which correspond to the buffer layer. After immersion, we additionally observe many bright features, corresponding to the fluorinated maleimide molecules and potentially to some products introduced via the rinsing process.
Some of these deposited species were found to be highly mobile on the graphene surface, even at 77K, generating difficulties for obtaining proper STM images. To verify that the images contained the signature of grafted molecules, we first scanned at low bias (at a few meV and large currents up to 1A). This allowed to remove the potentially remaining free species.
After performing several scans and cleaning steps of the tip (achieved through high voltage pulses performed in areas outside the area of interest), we observed more stable bright features accompanied by standing-wave patterns, as shown in figure 4 B). These standingwave patterns revealed a strong local modification of the underlying graphene lattice. The corresponding √ 3 × √ 3 modulation of the density of states is commonly observed around defects, generated, for example, by ion bombardment [22] , or by defects in the graphene layer (missing atoms), often decorated with impurities. These defects break the conjugation of the sp 2 bonds of graphene. This seems to be a necessary condition for the observation of strong standing-wave patterns. Indeed in a recent detailed STM study of nitrogen doping of graphene by substitution [23] , standing-wave patterns were observed around N atoms substituting the C atoms only if vacancies were also present, such as for the pyridinic-N defect. In the latter case the conjugation is broken. Quasi-particle interferences having a momentum-vector which connects two different iso-energy contours around the K-point (K-K'), as described in the scheme shown in figure 4 D) are also called intervalley scattering [24, 25] . In our case, for the smaller objects (see encircled object in the right lower part of figure 4 B)), the standing-wave patterns were anisotropic with parallel straight lines exhibiting a large contrast variation. Such standing-wave patterns with large amplitudes are usually observed 8 at armchair step edges, as shown in figure 4 F) [27] . On the other hand patterns resulting from point defects or large defects (holes) typically show a six-fold symmetry [24, 26] . An example of such pattern is observed around the large object surrounded by arrows in figure   4 B) and exhibits a more isotropic standing wave pattern, which we attribute to a pile containing several molecules. Here, we discuss the possible standing-wave patterns created by a single molecule grafted onto the defect-free surface of graphene in analogy with the step-edge geometry. (1,2), corresponding to grafting at the first and second carbon atom of a hexagonal cycle, the remaining scatterer atoms belong to both sub-lattices, i.e., A and B. If we consider the (1,2) sp 3 bonded atoms as missing atoms in the sp 2 network of graphene, the resulting defect is anisotropic and has a structure similar to that of an armchair-like edge. For a cycloaddition configuration (1,3), we achieve an isotropic defect with scatters atoms belonging only to the sub-lattice A. For the (1,4) cycloaddition configuration, the generated pattern becomes more isotropic, however, scatterers belong, as for the (1,2) configuration of the cycloaddition reaction, to both sub-lattices, i.e., A and B. For the analysis of our experimental results, we thus focused on identifying the type of sub-lattice affected by the reaction, because this allowed us to discriminate between patterns arising from zigzag-like and armchair-like step edges. Consequently, we are able to decide which type of defect symmetry (armchair-stepedge or zigzag-step-edge) was characteristic to the cycloaddition reaction and thus generated a characteristic pattern via the scattering and interference process of quasiparticles.
In figures 6 B), we describe the modified electronic structure due to impurity scattering for the impurity configurations described in ( figure 6 A) ), respectively. We use T-matrix approach to obtain the real space electron Green function (GF) G(r, r , ω) . The local density of state N (r) in real space is related to the GF through N (r) = −ImG(r, r , ω)/π. Only elastic scattering is considered [32] [33] [34] [35] . We show in figure 6 C) the Fourier transforms (FT) of the local density of state calculated using the Born approximation, which is quasi-equivalent in this limit, to the k space T-matrix approximation [24, 36] . For a (1,1) point defect, the modification of the the density of states exhibits a clear six-fold symmetry. For the (1,2) configuration, the calculation shows a rectangular-like anisotropic pattern generated by the defect. For the (1,3) configuration, we recover a hexagonal symmetry, and for the (1,4) configuration, an anisotropic pattern similar to, but less pronounced than the pattern corresponding to the (1,2) configuration, the difference consisting in that the (1,4) patterns recovers a hexagonal symmetry at larger scale. These calculations show that, while the shape of the defect is important, the type of sub-lattice atoms affected by the cycloaddition reaction is even more important. However, the (1,2) cycloaddition for graphene on SiC exhibits an energy level which is by ca.
+ 2 eV higher than that of the reactant. This high energy value would not normally allow for the observed cycloaddition reaction, which, as we show, was however possible at room temperature. Nevertheless we want to point out that we have performed this reaction not in vacuum (as assumed in the calculations) but by immersing the graphene surface for about 80 hours in a toluene solution of molecules. This difference in the deposition conditions hints at a lowering of the vacuum endothermicity due to the dissolution of the molecules by toluene.
CONCLUSION
The results of our study provide a strong evidence that cycloaddtion reaction between graphene and fluorinated maleimide molecules is possible at room temperature. We observed that this reaction happened on a region of pristine graphene layer, which did not contain any pre-existing defect. The formation of covalent bonds was ascertained by the increase of the sp 3 component of the XPS spectrum. Furthermore, using STM we have visualized marked standing-wave patterns on graphene, which were not observed for physisorbed molecules. These patterns, in particular their geometry and symmetry, indicated that the cycloaddition reaction occurred in the (1,2) or (1,4) configuration, as confirmed by the T-matrix approximation. DFT calculations clearly show that (1,2) configuration is stable on G/SiC(0001). We have interpreted the standing-wave patterns observed in direct space in analogy to standing-wave patterns observed in the vicinity of armchair and zig-zag step edges on graphene. ARPES measurements revealed a tendency for the opening of a gap and a slight decrease of the Fermi velocity. For bilayer graphene, the gap opening was more pronounced. Furthermore, we were able to distinguish which sub-lattice of graphene was perturbed by covalently grafting fluorinated maleimides molecules to graphene. In the future, in order to generate periodic molecular patterns chemically attached to graphene, we will incorporate the reactive group used here in larger molecules which, in addition, allow for supramolecular self-assembly. We expect that, by creating covalent bonds, we will be able to form ribbons with a precise control of the nature (armchair or zigzag) of their edges.
This work was supported by the Région Alsace, the ANR ChimigraphN, the Université Franco-Allemande and the ERC Starting Independent Researcher Grant NANOGRAPHENE 256965. 
